ABSTRACT: Mohave ground squirrels Xerospermophilus mohavensis Merriam are small grounddwelling rodents that have a highly restricted range in the northwest Mojave Desert, California, USA. Their small natural range is further reduced by habitat loss from agriculture, urban development, military training and recreational activities. Development of wind and solar resources for renewable energy has the potential to further reduce existing habitat. We used maximum entropy habitat models with observation data to describe current potential habitat in the context of future renewable energy development in the region. While 16% of historic habitat has been impacted by, or lost to, urbanization at present, an additional 10% may be affected by renewable energy development in the near future. Our models show that X. moha vensis habitat suitability is higher in areas slated for renewable energy development than in surrounding areas. We provide habitat maps that can be used to develop sampling designs, evaluate conservation corridors and inform development planning in the region.
INTRODUCTION
In recent decades the desert southwest region, including the Mojave Desert, has seen some of the highest population growth in the USA, resulting in large-scale landscape modification and loss of habitat (Leu et al. 2008) . Habitat loss and modification due to urban development, utility infrastructure, transportation corridors, military training and recreational activities are occurring at an accelerating pace throughout the region (Lovich & Bainbridge 1999 , Webb et al. 2009 ). Now the southwestern deserts are recognized as having great potential for renewable energy development given the availability of public land and abundant wind, solar and geothermal resources (NREL 2012) . In recent years, public policy initiatives at both federal and state levels (e.g. the American Recovery and Reinvestment Act of 2009, CA Executive Order S-14-08 and CA Senate Bill X1-2, among others) have mandated or encouraged the development of renewable energy.
One of the major benefits of increasing renewable energy generation includes reducing greenhouse gas emissions (thus mitigating global climate change), increasing national energy security and supporting economic growth. The potential for renewable energy in the desert means that public lands in this region are now in great demand for development. However, the prospect of large-scale energy development and its associated infrastructure has raised serious concerns regarding impacts on desert biological resources, including many sensitive or protected species such as the desert tortoise Gopherus agassizii (Fish and Wildlife Service 1990) , the desert bighorn sheep Ovis canadensis nelsoni (Fish and Wildlife Service 1998) and Stephens' kangaroo rat Dipo do mys stephensi (Fish and Wildlife Service 1988) , among others.
The Mohave ground squirrel (MGS; Xerospermophilus mohavensis Merriam) could also be affected by the development of renewable energy resources. The species is endemic to the western Mojave Desert in California, USA, and occupies portions of Kern, Los Angeles, Inyo and San Bernardino counties (Best 1995) . The geographic range is thought to be approximately 20 000 km 2 (Hall 1981 , Zeiner et al. 1988 , one of the smallest distributions among North American ground squirrels (Hoyt 1972, P. Leitner pers. obs.) . MGS occupy a harsh desert environment, and adult individuals are primarily active during a brief period from February to the end of July (Best 1995) .
The restricted distribution of MGS, along with the extensive impacts of human development in the western Mojave Desert, has contributed to concern about conservation of this species (Leitner 2008) . In particular, direct losses such as road and construction mortalities (Gustafson 1993 ) and the cumulative impacts (sensu Theobald et al. 1997 ) of landscapelevel disturbances (e.g. off-highway vehicles use, agriculture, military operations) could further reduce population numbers of MGS and connectivity of suitable habitat patches. In response to these concerns, MGS was listed as threatened under the California Endangered Species Act in 1984 (California Department of Fish and Game 2011) . While habitat loss has been identified as the greatest peril for MGS (Fish and (Zembal & Gall 1980 , Hall 1981 , Zeiner et al. 1988 . While these range maps provide useful information on the known extent of a species, they do not delineate areas of habitat and non-habitat within their extant range, which can be problematic when used for assessing areas of high biodiversity for conservation purposes (Pineda & Lobo 2012) .
Conservation planning for many species has been facilitated by the use of species distribution models (SDMs) for tasks such as the design of conservation and monitoring programs, evaluating the efficacy or potential effects of management actions, and recovery planning (Graham et al. 2004 , Elith & Leathwick 2009a , Fish and Wildlife Service 2011 . These SDMs, or habitat suitability models, are quantitative, spatially explicit models that relate species occurrence to environmental predictors thought to influence or define the suitability of habitat for the species (Franklin 2010 , Peterson et al. 2011 ). These models can be ecologically complex or very simple, and can be modeled at many scales. Habitat models are frequently built with presence-only data (as absence data for most species are often unavailable), and provide a relative index of habitat suitability that can be predicted on a landscape scale.
Because SDMs have not yet been published for the MGS, conservation and planning decisions have been made entirely on previously published range maps. In 2011, a petition for federal listing of the species (www. defenders. org/ newsroom/ press_ releases_ folder/ 2005/ 09_ 13_ 2005 _ protection_ sought_ for_ mohave _ desert_ ground_ squirrel .php) was deemed not warranted by the US Fish and Wildlife Service on the basis of 5 factors (Fish and Wildlife Service 2011) . One of these factors included 'the present or threatened destruction, modification, or curtailment of its habitat or range', and in their ruling, the Fish and Wildlife Service provided estimates of minimal habitat loss due to land-use activities including urbanization, agriculture and re new able energy. These estimates were based on range maps that were the best available information for planning purposes in lieu of SDMs. However, a larger percentage of habitat has likely been lost in recent history than has been previously reported.
Conflicts between interests for large-scale renewable energy development in the western Mojave Desert and conservation of MGS habitat have delayed the establishment of energy facilities, and heightened the potential for costly litigation. Analyses on the extent to which habitat may or may not be affected by proposed utility-scale renewable energy development (USRED) are critically needed to reduce conflict between these competing interests, by guiding conservation planning and the effective siting of renewable energy projects and their supporting infrastructure. We provide the first comprehensive and integrated analysis of MGS habitat conservation in relation to previous development and planned USRED using SDMs. Our goal is to inform decision-makers representing public interests such as the Desert Renewable Energy Conservation Plan (DRECP; www.drecp.org) charged with balancing the need for landscape planning and conservation needs, while ensuring the availability of renewable energy resources.
MATERIALS AND METHODS

Study area
Our study area covers 53 621 km 2 of the Mojave Desert in California, including portions of Inyo, San Bernardino, Kern and Los Angeles counties, and encompasses the entire known historical range of the MGS (Zeiner et al. 1988 (Zeiner et al. −1990 . The region is characterized by desert mountain ranges and plateaus separated by lower elevation areas with geomorphic features such as washes, outwash plains, dry lakebeds and basins. Although our study area includes extremes in elevation, 99% of the entire study area is below 2500 m. Regional precipitation ranges from 100 to 350 mm per year, with more rainfall occurring in the winter than in the summer (Hereford et al. 2004 , Blainey et al. 2007 ) and at higher elevations. Temperatures range from below 0°C in the winter months to over 54°C in the summer, with considerable daily and geographic variation (Turner 1994) .
Species occurrence data
We compiled locality records for the MGS from the California Natural Diversity Data Base (CNDDB), the Mojave Desert Ecosystem Program, as well as recent trapping and survey work (P. Leitner & D. Delaney unpubl. data) . Due to the low density of sampling and biased geographic distribution of observations, we included records dating back to 1975 to increase sample size. Records with known spatial uncertainty greater than 1 km (33 records) were excluded to keep the spatial precision of MGS observations similar to that of the environmental data layers, and the desired resolution of the habitat model (i.e. 1 km 2 ). We limited observations to 1 per 1 km 2 grid cell, and incorporated a bias file to reduce the influence of biased geographic sampling (Phillips & Dudik 2008) , which used a 4 km search radius from each observation record. After aggregating to our 1 km 2 grid size, there were a total of 440 observations for modeling.
Environmental data
The relationship between habitat suitability and covariate layers in a robust habitat model should ideally be explained by known ecological relationships between the organism of interest and its environment (Guisan & Zimmermann 2000 , Elith & Leathwick 2009b . We derived 8 environmental covariates across our study area capturing known relationships between MGS and their environment (Table 1) . These layers broadly represented climate (e.g. air temperature, precipitation and climatic water deficit), land surface characteristics (e.g. topographic position and surface roughness) and the physical properties of the land surface (e.g. surface texture and albedo). The habitats that MGS occupy are generally flat, sandy or gravelly alluvial substrates with widely spaced shrubs (Burt 1936 , Best 1995 , Leitner 2008 . Occupied vegetation types can include saltbush scrub, alkali desert scrub, creosote bush scrub and yucca woodlands (Gustafson 1993 , Best 1995 . MGS are not, however, generally found on playas, rocky outcrops or other rocky surfaces such as desert pavement or boulder fields (Zembal & Gall 1980 , Gustafson 1993 . Because this work is also being used in parallel analyses of the potential effects of climate change on MGS habitat suitability, we only included environmental covariates that could be projected to future dates under different climate change/global emissions scenarios. Therefore, we did not include any measures of vegetation community or condition. While habitat suitability models derived without layers of key vegetation components of habitat may not represent the complete fundamental niche of a species, they can have acceptable predictive performance; for example, some of our initial models sug-gested only a 0.017 difference in the area under the receiver operator curve statistic (AUC) (Fielding & Bell 1997 ) between the best-performing models that included vegetation layers and those without.
Climate covariates were obtained for our study area at a spatial scale of 270 m (Flint & Flint 2012) , and included the 30 yr mean for the winter months (October−March) of climatic water deficit, and the 30 yr mean of cumulative winter precipitation. Climatic water deficit was defined as potential evapotranspiration minus actual evapotranspiration, where actual evapotranspiration is the amount of water that evaporates from the surface and is transpired by plants if the total amount of water is not limited. It is a measure of the evaporative demand on an area that was not met by available soil water, and is related to the amount of drought stress experienced by plants (Lenihan & Neilson 1993 , Stephenson 1998 . While often used to model the distribution of plant communities (see Prentice et al. 1992 , Huntley et al. 1995 , climatic water deficit is not often used in predictive models of vertebrates, likely due to the lack of widely available soil data required for its calculation. We use it here as a surrogate representing a potential limiting factor for vegetation. Potential evapotranspiration was defined as the total amount of water that can evaporate from the ground surface or be transpired by plants, and was calculated using a modification of the Priestley-Taylor equation (Priestley & Taylor 1972) as described in Flint et al. (2004) . Winter rainfall is important for the spring production of annuals (Beatley 1976 , Turner & Randall 1989 , and because MGS are generally only active from February to the end of July (Bartholomew & Hudson 1961 , Hoyt 1972 , Gustafson 1993 , Harris & Leitner 2004 , they require extensive foraging to sustain metabolic function throughout the year (Bar tholomew & Hudson 1961) . Areas with high spring production of annuals are therefore typically considered as habitat for this species. The probability of drought was estimated as the proportion of the past 30 yr (1980−2010) during which 3 consecutive years had less than 80 mm of cumulative winter precipitation for a given 1 km 2 grid cell. We chose 80 mm to define drought conditions based on observations of MGS behavior and habitat condition (P. Leitner. pers. comm.) . A measure of air temperature was included as the 30 yr mean for summer maximum temperature.
Layers related to land surface characteristics included surface roughness (Hobson 1972 ) and topographic position (described by others as 'terrain wetness', Moore et al. 1991) . Topographic position was used to represent the relative position of a given area with respect to the potential for surface drainage, and was calculated from the area of terrain that can drain into a given 1 km 2 grid cell. Higher values are indicative of closed basins, valley bottoms and surface flow pinch points such as apexes of alluvial fans, while lower values represent ridgelines and mountaintops. We did not include elevation as an environmental covariate, due to its high correlation with several of the climate variables and potential to complicate future climate scenario models.
Layers representing the physical properties of the surface substrate included an index of the particle size of the surface substrate (surface texture), which was derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) MOD11A1 Land Surface Temperature 8-d Global 1 km data products acquired from the Terra (EOS AM) satellite. This index was the average difference in daytime and nighttime radiometric surface temperatures for the six 8-d periods from 12 July to 29 August for each year from 2000 to 2010. The difference between the day and night surface radiometric temperatures is a function of the daily thermal inertia of the surface substrate, which is a physical property of the substrate material and texture (Pratt & Ellyett 1979 , Kahle 1987 , Wang et al. 2004 . Areas with dense rocky substrates have less daily fluctuation in surface radiometric temperatures than do areas with loose or sandy substrates (Kahle 1987) . We used summer, rather than winter, temperatures due to the greater differences observed between day and night temperatures during this period (S. Nowiki unpubl. data). Higher values are indicative of sandy, smaller sized particles, while smaller values represent more rocky surfaces. Prior to calculating surface texture, surface temperature data were de-trended for elevation using a non-linear weighted regression.
We also included the albedo of the surface substrate (surface albedo) from the MODIS MCD43B3 16-Day L3 Global 1 km Albedo data product for the summer months as a measure of directional-hemispherical reflectivity of the surface material to represent dominant surface material types. Surface albedo is a primary determinant of the thermal properties of a surface material (Dickinson 1995) , and is determined by the material type of the surface layer (Oke 1987) . Prior to use in habitat models, all of the layers were re-sampled to the same 1 km 2 grid.
Data analyses
We used MaxEnt (version 3.3.3e, Phillips et al. 2006 ) to develop a suite of candidate habitat models with up to 5 of the aforementioned environmental covariates. Each model was derived using 100 bootstrapped repli cates with a random sample of 80% of the occurrences used for model training. We excluded variables if their Pearson's correlation coefficient with other inputs was greater than 0.7. The resulting habitat models were first evaluated with an information theoretic approach using a modified corrected Akaike's information criterion (AICc) score that was bias corrected for small sample sizes (Burnham & Anderson 2002 ). This metric was derived from the estimated log likelihood at all of presence locations (Phillips & Dudik 2008 , Elith et al. 2011 , where the number of parameters in the fitted model was defined by the sum of all non-zero lambdas for a given model (Warren & Seifert 2011) . Models with parsimony were also evaluated for accuracy, goodness-of-fit and plausibility with several additional methods, including AUC and the Boyce index (BI) (Boyce et al. 2002) , testing gain (GAIN) (Elith et al. 2011) as well as marginal and solitary response curves (Phillips & Dudik 2008) . The AUC statistic was calculated from an internally withheld set of 20% of the MGS presence locations for each bootstrapped replicate, while the BI was estimated with all of the MGS observations. Prior to estimating the BI, each habitat model was rescaled to ensure that all models ranged from [0 − 1] by subtracting the minimum value and dividing by the difference of the minimum and maximum values.
Models containing any covariates with less than 10% contribution were removed from our suite of candidate models, favoring robust covariates over those with little contribution. We checked the prediction surfaces for each of the models to ensure that the predictions were not unrealistic, especially in areas where few data were available, but where we had some personal knowledge (P. Leitner) of habitat. We selected the model that appeared closest to reality among our suite of candidate models to represent MGS habitat suitability. This model and its uncertainty were derived as the mean and standard deviation of the habitat suitability scores across all 100 bootstrapped replicates. To gain insight into the key predictors defining habitat for MGS, we also assessed which of the environmental covariates was the most limiting with respect to habitat suitability throughout our study area. The limiting variable was taken as the environmental covariate that provided the greatest increase in habitat suitability in a given pixel if the value for that variable was adjusted to the mean of the entire study area (Elith et al. 2010 ).
Anthropogenic impacts
We examined current impacts on habitat due to human development using 3 impact scenarios (high, medium and low) representing 3 possible levels of degradation of MGS habitat by anthropogenic influences of urbanization, extensive road networks, and cleared or altered vegetation. For each of these anthropogenic influences, we derived separate scale factors for the 3 impact scenarios with which we reduced habitat suitability in affected areas. Few data exist to suggest quantitative relationships between anthropogenic influences and MGS habitat degradation, and therefore our impact scenarios represent a range of uncertainty in the effects of habitat degradation rather than known and tested relationships. We derived our scale factors for each of the impact scenarios from expert opinion based on field observations. Our high impact scenario uses scale factors representing the most extreme, yet plausible, degradation to MGS habitat, while our low impact scenario represents an underestimate of degradation to MGS habitat. The medium impact scenario was defined as the middle point between the high and low impact scenarios. Combined, these 3 scenarios present a range of reasonable estimates of habitat suitability from least to most conservative, and can provide a bounded assessment of the status of habitat for land management purposes in light of anthropogenic influences.
Urban areas were derived from the 2006 National Land Change Database (NLCD) Percent Developed Imperviousness layer, downloaded from the MultiResolution Land Characteristics Consortium (Fry et al. 2011 ). Grid cells with more than 20% of their surface area covered by at least 20% imperviousness were categorized as urban. Our scale factors in urban areas for the 3 impact scenarios were as follows: 1.0 for high, 0.75 for medium and 0.30 for low (Table 2) . In these areas, we subtracted the product of the habitat suitability score and the scale factor from the habitat suitability score for each cell. For example, in the high impact scenario, a cell with a habitat suitability score of 0.65 that was located in an area classified as urban was modified by subtracting the product of the habitat suitability score (0.65) and the scale factor for urban areas (1.0) from the habitat suitability score (0.65), yielding a new habitat suitability score of 0. In the high impact scenario, we assume that urban areas present a complete loss of habitat, such that none of the essential resources (especially food and cover) are available. In contrast, our low impact scenario represents the assumption that only a slight degradation of habitat has occurred in urban areas. We identified major roads from US Census Bureau TIGER line files and assigned scale factors for each of the impact scenarios: 0.4 for high, 0.25 for medium and 0.10 for low. While there is evidence to suggest direct mortality from vehicular traffic and the construction of new roads (P. Leitner pers. comm.), recent work has shown that many small mammals exhibit neutral or slightly positive responses in abundance to the presence of roads and vehicular traffic (Fahrig & Rytwinski 2009 ). In the absence of data for MGS, we used scale factors that reflected the potential for only minimal impact on MGS habitat.
As with urban areas, we assumed that places where land-use activities have visibly altered or removed vegetation, such as agricultural or military activities, present significant degradation to MGS habitat. In addition to the direct loss of habitat, these activities may introduce insecticides, herbicides and rodenticides to habitat (Hoyt 1972) . These areas were digitized from recent remote sensing imagery where at least 90% of each grid cell showed evidence of altered or cleared vegetation. Here, scale factors of 0.1 (high), 0.75 (medium) and 0.5 (low) were applied. We reduced the habitat suitability scores in these areas because of the importance of shrubs to MGS habitat (Best 1995) .
We assessed the effects of these 3 types of anthropogenic impact on MGS habitat by categorizing habitat suitability into a binary representation of suitable and unsuitable habitat for each of the 3 impact scenarios using the 5th percentile of habitat suitability scores (0.438 was used as the threshold) for all of the cells with MGS occurrences (Liu et al. 2005) . This resulted in the total area of suitable MGS habitat for each of the 3 scenarios, which we compared against the amount of suitable habitat predicted in absence of urban development, roads or cleared vegetation to provide a historical perspective of how much habitat might have existed prior to urbanization in the region.
Renewable energy
We evaluated the extent and degree to which suitable MGS habitat will be affected by proposed utilityscale renewable energy development (USRED) by compiling a spatial representation of current and proposed renewable energy development on Bureau of Land Management (BLM) lands in California from the Solar Energy Development Programmatic Environmental Impact Statement (BLM 2012). We also included areas designated as transmission corridors under the California Desert Conservation Area Plan of 1980 (BLM 1980) , and the West-wide Designation of Energy Corridors (BLM 2009). Additional renewable energy projects (such as wind and geothermal sites) and their associated spatial footprints were identified and provided by the Renewable Energy Project Manager for the California Desert BLM District Office (G. Miller unpubl. data). As with our urban impact scenarios, we developed 3 scenarios of impact by USRED on MGS habitat. Again, few data are available to quantify the relationship between USRED and degradation of MGS habitat, and we therefore used expert opinion to derive our scale factors. Recent work on the California ground squirrel Otospermophilus beecheyi has suggested that wind energy facilities can cause an increase in alert vocalizations and anti-predator vigilance behavior in individuals (Rabin et al. 2006) , though estimates of the effects on their habitat or a population are lacking. Similarly, transmission corridors are thought to have slight negative effects on many ground-dwelling species through the introduction of predators and exotic species (Stiles & Jones 1998 , Gelbard & Belnap 2003 , and alteration of vegetation communities (Loft & Menke 1984 , Clarke et al. 2006 , King et al. 2009 ). Due to the similarities in perceived degradation of MGS habitat by wind energy developments and transmission corridors, we derived scale factors for both of 0.5, 0.3 and 0.1 for the high, medium and low renewable energy impact scenarios, respectively. We assumed that solar energy developments have a greater impact on MGS habitat due to their extensive alteration of vegetation and soil characteristics (BLM 2012) , and therefore assigned scale factors of 1.0, 0.875 and 0.75 for each of the high, medium and low renewable energy impact scenarios, respectively. We acknowledge that few data are available to quantify the impacts of USRED on MGS habitat, and therefore these scale factors are educated approximations, derived from observations of current USRED in locations outside the previously published range of the MGS (Zeiner et al. 1988 (Zeiner et al. −1990 .
We evaluated the extent and the degree to which MGS habitat could be affected in the context of USRED by calculating the total amount of suitable habitat in each of the 3 USRED and 3 urban development scenarios of impact. For each of these 6 scenarios, we calculated the total area of suitable habitat in our study area that resulted from applying the scale factors. Separately, we compared the mean of habitat suitability scores in USRED (without the USRED impact scenarios) with the remainder of the study area for each of the urban development scenarios of impact to identify whether areas with proposed USRED have greater habitat suitability for MGS than the rest of the study area. We also report the difference in area between solar and wind USRED in terms of suitable habitat.
RESULTS
Habitat models
From the 86 models initially evaluated we selected a model with 4 environmental covariates to best represent habitat, which had the lowest AICc score. This model also had the highest AUC and GAIN, and was among the higher performing models with respect to BI, although none of these performance measures indicated as strong a difference as the AICc criterion (Table 3 ). The environmental covariates in the best model included: surface texture, surface albedo, mean winter climatic water deficit and precipitation, with percent contributions of 46.6, 25.4, 16.3 and 11.6%, respectively. Each of these environmental covariates de scribes a component of the broad habitat characteristics that we hypothesized to be important for MGS. These characteristics spanned climatic, topographic and terrain features, and are related to the behavioral and physiological ecology of the MGS.
Marginal response curves for the environmental covariates in the selected model had patterns that were consistent with our hypotheses about their relationships to MGS habitat. Of the 4 environmental covariates, surface texture had the highest percent contribution at 46.6%. MGS habitat suitability peaked in areas where the difference between day and night surface radiant temperatures was between 25 and 30°C, which was consistent with surface textures found in moderately coarse sandy soils. Habitat suitability decreased sharply when radiant temperature differences were below 20°C (Fig. 1) to areas with high proportions of large boulders and surface bedrock, and also in areas where differences were above 30°C, which are indicative of playas (primarily clay components) and extremely fine sandy surfaces. Surface texture was the limiting layer for 20 349 km 2 of the study area equating to approximately 45% of the area that was classified as unsuitable habitat (Fig. 2) . These areas included the majority of the mountains, foothills and rocky terrain in our study area, along with extensive areas of fine sand and silty, dry lakebeds.
In contrast to surface texture, surface albedo provided a measure of the substrate material type, and differentiated substrates based on the proportions of incident solar energy that are absorbed by different soil types. Surface albedo had the second highest percent contribution at 25.4%, and showed a range (0.25 to 0.40) of values contributing to high habitat suitability (Fig. 1) from the entire study area, which ranged from 0.02 to 0.52 (Fig. 2) . We found that only 27% (12 250 km 2 ) of unsuitable habitat was limited by surface albedo (Fig. 2) . We found that MGS tended to occur in areas with higher albedos, as long as the substrates were not rocky or extremely sandy in texture. For example, areas with high albedo rocks in portions of the Red Rock Canyon State Park (southwest of Ridgecrest, CA) may appear suitable in terms of color and material, but due to their surface texture (extensive surface rock), they remained unsuitable. The same was true for many of the sand dunes present throughout our study area, where surface albedo suggested acceptable conditions, yet surface texture was too fine for MGS. The percent contribution for climatic water deficit was 16.3%. Climatic water deficit influenced habitat suitability over a relatively broad range of values found in the study area, with increased suitability occurring between 20 and 55 mm (60% of the study area), and a marked de crease in habitat suitability above 60 mm and below 20 mm of winter climatic water deficit (Fig. 1) . As a limiting layer, climatic winter deficit covered 20% of the unsuitable areas (8760 km 2 ; Fig. 2 ), where average deficit was generally higher than 60 mm.
Precipitation had the lowest contribution of the 4 environmental covariates at 11.6%. MGS habitat exhibited a relatively narrow band of suitable values for precipitation (90−200 mm) when compared with the range of precipitation found in the study area (0 to nearly 1200 mm). This narrow range of suitable precipitation values represented nearly 50% of the study area (Fig. 1) . As a limiting layer, precipitation represented only 9% of the unsuitable habitat (3930 km 2 ; Fig. 2) , and in those areas, precipitation was higher than the average of suitable areas. Standard deviations of habitat suitability values across 11 Fig. 2 . Limiting covariates (surface texture, brown; albedo, blue; climatic water deficit, green; precipitation, yellow) for the study area in the selected habitat model for Mohave ground squirrel (MGS; Xerospermophilus mohavensis). The limiting covariate for a given grid cell was identified as the covariate providing the greatest increase in habitat suitability for that grid cell if the covariate value was adjusted to its mean of the entire study area. Roads (white lines) and selected cities are shown for reference the 100 replicates ranged from nearly 0 to 0.206, with the highest standard deviations occurring in areas with moderate habitat suitability scores near the threshold used to distinguish suitable and unsuitable habitat (Fig. 3) . Areas with the highest standard deviations occurred directly to the west of Barstow, CA (Fig. 3) , and tended to have very fine surface texture and high surface albedo.
Impact scenarios
When we simulated a historical context of original habitat conditions prior to European settlement, the model predicted 19 023 km 2 of suitable habitat. We compared the amount of suitable habitat under these conditions with our 3 urban development scenarios of impact to evaluate potential habitat losses due to urban development. We found that potential habitat was reduced to 15 927, 16 525 and 17 139 km 2 for the high, medium and low scenarios, respectively (Table 2 ). These scenarios estimate that somewhere between 1884 km 2 (9.9%) and 3096 km 2 (16.3%) of predicted suitable habitat have already been lost to the development of urban areas, roads and cleared vegetation during recent human settlements in the region.
The addition of proposed USRED indicates the potential to further reduce suitable habitat to 14 369, 16 142 or 17 058 km 2 for the high (Fig. 4A ), medium and low scenarios of USRED impact, respectively. This represents an additional loss of 1558 (9.8%), 383 (2.3%) and 81 km 2 (0.5%) of suitable habitat over our 3 urban development scenarios of impact. When 12 Fig 4. (A) Suitable habitat (blue) for Mohave ground squirrel (MGS; Xerospermophilus mohavensis) under the high human development impact scenario (including anthropogenic and renewable energy influences). Of the 3 human development impact scenarios, the High scenario represents the greatest level of impact to MGS habitat due to impermeable surfaces, major roads, and cleared vegetation. We subtracted the product of the corresponding habitat suitability score and a scale factor score (urban: 1.0; roads: from 0.4; vegetation: 1.0) from the habitat suitability score. Habitat suitability scores for areas of proposed utility-scale renewable energy development projects were also reduced using scale factors of 0.5 for transmission corridors and wind facilities, and 1.0 for solar facilities in the High scenario. (B) Historic habitat suitability without consideration of urban, roads or cleared vegetation. Core areas (Leitner 2008) are outlined in solid black. The MGS range map is outlined in hashed black on both maps, while major roads are shown for reference in white added to losses due to current levels of development, this represents an overall loss of 24.5, 15.1 and 10.3% of suitable habitat from potential pre-European development levels. We found that the average habitat suitability score was higher by 0.077, 0.081 and 0.093 in areas with proposed USRED than the rest of the study area for each of the 3 scenarios, respectively. This suggests that areas proposed for USRED are located in areas of high suitability habitat. When we compared the amount of suitable habitat in the different types of proposed USRED (wind versus solar), we found that the difference was substantial, with only 2 km 2 of suitable habitat in proposed solar development in each of the 3 urban development scenarios of impact, and 503, 508 and 522 km 2 of suitable habitat in areas of proposed wind development for the 3 urban development scenarios of impact.
DISCUSSION
Historical habitat change
Overlaying predicted habitat for the MGS with our human development scenarios of impact indicates that somewhere between 10 and 16% of historic suitable habitat has been lost to urbanization to date. We considered the potential impacts of proposed renewable energy development using 3 scenarios of potential impact, which predicted additional losses of 1 to 10% of historic suitable habitat for MGS, or a potential loss of up to 24% of suitable habitat within recent history. However, this is likely an underestimate of the potentially impacted area, because our model of habitat is estimated across all land ownership categories, yet we were only able to obtain data to estimate the footprint of USRED on public lands. On state and private lands, 260 km 2 in the region have proposals for USRED, and an additional 3500 km 2 may potentially be available for USRED (Fish and Wildlife Service 2011) . Our model of habitat indicates that there is potential for renewable energy development to impact nearly as much habitat as has previously been disturbed by human expansion into this region, equating to a loss of up to a quarter of suitable habitat from pre-European settlement levels within the last century.
Encroachment of urban areas on MGS habitat introduces several modes of habitat disturbance, including off-highway vehicles, roadways, airports and high-voltage transmission lines (Leitner 2008) that affect habitat and populations of flora and fauna in a variety of ways. Additional USRED in the region will increase the need for more transmission lines and associated roads, and combined with the energy facilities themselves, loss of habitat and other im pacts on species may occur from site preparation and construction of buildings and access roads (Kuvlesky et al. 2007) . Other changes to habitat may be caused by soil mixing or soil compaction, or the release of chemicals such as dust suppressants, dielectric fluids and herbicides throughout the operational life of the facility (BLM 2012) . Separately, the alteration of surface water flow and increased erosion may cause changes in habitat productivity and the distribution of resources (Schwinning et al. 2011) .
Transmission corridors tend to alter the vegetation community and structure of adjacent land, and therefore affect habitat through these vegetation alterations (Anderson et al. 1977 , Johnson et al. 1979 , Loft & Menke 1984 , Clarke et al. 2006 , King et al. 2009 ). These corridors may be permeable or even facilitate movement in some species, but may represent barriers to movement and dispersal for others (Schreiber & Graves 1977 , Carthew et al. 2009 ). The influence on habitat and populations may also be larger than the physical footprint of USRED because human activities and the physical structures tend to provide resource subsidies such as food, cover and water to native and invasive predators (Lovich & Bainbridge 1999) . Transmission corridors and roads may also act as conduits for exotic and invasive species (Stiles & Jones 1998 , Gelbard & Belnap 2003 . For example, powerlines, roads and other linear right-of-ways provide nesting and perching sites for predatory birds, including the common raven Corvus corax (Kristan & Boarman 2003 , Coates et al. 2008 , Peery & Henry 2010 . Ravens and coyotes Canis latrans, subsidized by human activities, can have detrimental effects on native wildlife in proximity to urban locations (Lovich & Bainbridge 1999 , Boarman 2003 , Esque et al. 2010 . While increased predation on native wildlife has caused population losses in other species, and is likely to similarly impact MGS populations, research is needed to quantify the landscape-wide effects of urbanization on MGS populations.
Utility-scale renewable energy development
The long-term effects of renewable energy development on MGS populations are also not well understood. Potential effects are complicated by differences between wind, solar, geothermal and other sources of USRED. The diffuse distribution of wind turbines with relatively undisturbed habitat among turbine bases has been suggested as not harmful and may even provide cover for desert tortoises . However, the impacts of wind energy development on other desert wildlife, including the MGS, are not well understood . In other studies, wind energy facilities have been shown to elicit increased alert vocalizations and anti-predator vigilance behavior in the California ground squirrel due to the addition of wind turbine prop noise to their environment (Rabin et al. 2006) . A review of acoustical interference in wildlife has shown negative population effects across a wide range of taxa, including mammals, birds, amphibians, reptiles and even some invertebrates (see Chan & Blumstein 2011 for a review), with the majority of effects manifesting as interference to communication between individuals, increased energy expenditures on predator avoidance, and population decline. The effects of wind and solar energy development on MGS behavior and population dynamics are not well understood and are important areas for research.
Application of habitat modeling
To illustrate the utility of our habitat model for regional planning purposes, we compared it with a previously published range map (Zeiner et al. 1988 (Zeiner et al. − 1990 and core habitat areas (Leitner 2008) . The previously published range for MGS represents a hypothesis for the historical range and extent of MGS in the western Mojave Desert, and has served as a guide for implementing conservation strategies in this region (BLM 2005) and the foundation for the 2011 Fish and Wildlife Service decision to deny MGS listing under the Endangered Species Act. Our model of MGS habitat illustrates that many areas within the extent of the previously published MGS range map are not suitable as habitat for MGS (Fig. 4A) , and that much of the northern and eastern portions of the previously published range map contain unsuitable habitat. When applied to conservation, these differences in geographic area represent substantial differences between estimates of the amount of habitat that will be affected by USRED. In their 2011 decision, the Fish and Wildlife Service suggest that up to 6% of the MGS range may be affected by USRED on public and private lands, while in contrast, our high impact scenario suggests that up to 10% of current habitat will be negatively affected by USRED on public federal land alone. With an additional 3500 km 2 of state and private land in our study area, the amount of MGS habitat affected by USRED may be substantially higher. We also show areas with suitable habitat outside the MGS range map (Fig. 4B ), though these areas have never been surveyed for MGS, and may represent uninhabited areas that have not been colonized. Such areas include suitable habitat farther north in the Owen's Valley than was previously thought, as well as farther south and east of Apple Valley than was previously published. Unlike the previously published range map, the published core areas represent areas where populations of MGS have been detected for multiple years in large (> 30) numbers at multiple trapping sites (> 6; Leitner 2008) . These areas are thought to represent population centers, and have been suggested as key areas for MGS conservation (Leitner 2008) . In general, these core areas overlapped some of the highest habitat suitability, although the northernmost core area encompassed lower habitat suitability than the others (Fig. 4B ). This core area was designated due to the high numbers of MGS trapped at its most northern and southern end, though few MGS have been observed in its central region.
One proposed USRED in particular was noted in an area of high suitability habitat located northwest of Red Rock Canyon State Park, and approximately 30 km south and west of Ridgecrest, CA. In addition to high suitability habitat, this area has some of the highest densities of trapping records, may serve as an important corridor for dispersal among populations (P. J. Weisberg et al. unpubl. data) , and is a region of high genetic variation that harbors one of 3 distinct genetic groups within the species (Bell & Matocq 2011) . Siting future USRED away from areas with high suitability habitat may promote MGS population persistence.
Model bias
Identifying areas where habitat models provide less certainty about their predictions of habitat suitability is crucial for land-use planning purposes because of the consequences to conservation if unsuitable rather than suitable habitat is conserved. For example, if the reliance on erroneous habitat suitability models leads to the siting of land-use activities that are incompatible with conservation on remaining MGS habitat, regional planning efforts will be unable to meet conservation goals. It is crucial, therefore, to acknowledge and understand model error and model bias when interpreting and incorporating model predictions into planning efforts. Others have also suggested that error maps be included with all habitat models, regardless of the methods used to create them (Rocchini et al. 2011) . Doing so will promote awareness that no model is absent of error or bias.
We provide estimates of model uncertainty throughout our study area to identify areas where our model yielded greater uncertainty about predictions of habitat suitability (Fig. 3) . These areas were identified for their high variation in model prediction among the 100 training iterations (each with a random selection of 80% of observations). While we found the greatest uncertainty in a valley directly to the west of Barstow, CA (Fig. 3) , we also found high uncertainty in areas with very fine surface texture and high surface albedo. These areas tended to have moderate habitat suitability scores near our threshold for delineating suitable and unsuitable habitat. This suggests that our model predicts high suitability scores and low suitability scores with greater precision than it does moderate suitability scores, and that the transition between unsuitable and suitable habitat is less certain than either of the extremes.
Among the factors contributing to this error were the multiple sources of observation data, each with its own pattern of geographic bias due to non-random sampling. This bias has been shown to influence the perceived relationship between a species and its environment (Hortal et al. 2008 , Soberón & Nakamura 2009 , thereby compromising the ability to quantify the ecological niche for a species. However, we were less concerned with the ability to quantify the ecological niche of MGS than we were with developing a predictive, yet biologically plausible, model for the current geographic distribution of MGS habitat. Another source of error was the temporal span of our input observations, which dated back to 1975 to increase sample size. However, because of the rapid population growth in the past several decades, locations for some of the observations are now in areas with urban development or agriculture. We reduced potential bias from these land-use changes by limiting our environmental covariates to those that have remained relatively unchanged by land use over the past 30 yr.
We identified 2 easily discernible types of areas where additional sampling could improve future habitat models and benefit conservation planning for MGS. The first included areas with moderate to high suitability scores with no evidence of MGS presence, and the second included areas with high model error, as shown in Fig. 3 . Areas that met the first condition likely occurred because of one of 3 reasons: (1) our model predicted high suitability habitat and sampling did not occur, (2) our model predicted high suitability habitat and sampling did occur, but no MGS were detected even though they were present, and (3) our model predicted high suitability habitat and sampling did occur, but MGS were not detected and were not present. The first provided the single largest amount of sample selection bias, due to a lack of random (or stratified random) sampling over large areas of potential habitat, which confounds the distribution of sampling effort with the true species distribution (Hortal et al. 2008 , Soberón & Nakamura, 2009 ). We were unable to distinguish these areas from those where sampling occurred, but no MGS were detected (reasons 2 and 3) because absence data were not available. Absence data require the use of repeated presence− absence surveys to estimate the probability of detection (MacKenzie et al. 2002) , which is needed to estimate the confidence or reliability of absence data (Mac Kenzie et al. 2006 , Kéry et al. 2010 . Camera trapping surveys for MGS were designed to obtain presence− absence data and have recently been im plemented, though few data are available for modeling. Areas meeting the second condition for additional sampling included areas with high model error, which are shown in Fig. 3 .
We recommend continued and increased sampling efforts in areas that meet these 2 conditions, especially in areas where sampling has not yet occurred and which are predicted to have moderate to high suitability habitat. In particular, the China Lake Naval Air Weapons Center encompasses areas of high suitability habitat (> 0.7), yet has had little sampling. This military installation also includes some of the most northerly predictions of suitable habitat, and will be important for interpreting conservation issues such as conservation genetics, habitat connectivity and MGS responses to climate change.
Tools for conservation
Habitat suitability modeling has provided a new status-of-knowledge for the MGS that managers can use to make informed decisions about resource management in or near MGS habitats. Using this model it is possible to provide quantitative estimations of historical habitat availability, current suitable habitat availability, species use and connectivity across landscapes, and to predict trends in the availability of habitat based on resource management plans. Sound resource management decisions depend on reliable information on habitat, populations and threats. As our most complete current understanding of suitable habitat for this species, this model provides a valuable planning resource, but equally important, the model helps identify critical areas in need of research to strengthen future modeling efforts for this species. 
